The effect of divergence of chute sidewalls with three different baffle block geometries namely USBR, trihedral and semicircular blocks, as well as the depth and dimensions of the scour hole downstream of the chute were studied using a physical model. For this purpose, 9 models of baffled chutes were designed and constructed with divergence ratios of 1.45, 1.75, and 2.45 and without divergence (with a divergence ratio of 1). Comparing the results on the effect of block geometry at different divergence ratios revealed that the use of blocks proposed in this study instead of standard USBR blocks reduced the mean and maximum scour hole by 50%. For a given block geometry, the mean depth, maximum depth, and length of scour hole were reduced by 75%, 58%, and 50%, respectively.
Introduction
Erosion and scour downstream of hydraulic structures have always been a matter of concern for hydraulic engineers and researchers in this field. In addition to causing instability in structures and river side walls, erosion downstream of hydraulic structures may disrupt the function of structures through changes in the river topography. Spillways are among the most vulnerable structures in this regard as they are usually exposed to high-speed and high-energy currents with a high potential of erosion and destruction downstream of spillways. Numerous studies have been conducted on scour and its various aspects such as energy dissipation downstream of structures [1, 6, 14] . [3] reviewed studies by [1] on scour downstream of control structures. [4] experimentally examined scour downstream of a spillway with an apron installed at the end of spillway on the surface of sediments. According to their results, secondary flows downstream of the spillway formed several scour holes, which were gradually developed and jointed. Rock blocks can be used to enhance energy dissipation on the ramp as pointed out by [9, 10] . [14] studied the effect of adding baffles and end sills on energy dissipation of flow over stepped spillways with sharp or round edges and an ogee inlet. They found that a higher energy dissipation rate can be achieved in baffle-edge chutes as compared with sill-edge chutes as well as roundand sharp-stepped spillways. A chute structure with baffled blocks is considered a flow energy dissipator of impact type. A baffle block chute does not reduce velocity, but prevents flow acceleration so that a low-energy flow reaches downstream of the structure [12] . This structure was primarily suggested for a maximum discharge of 5.6 m 3 /s per unit width [12] . However, according to experiments conducted by other researchers employing dam spillway hydraulic models, this structure was later proposed for use at higher discharge rates [2] . The United Stated Bureau of Reclamation (USBR) has conducted extensive studies on baffle block chutes to achieve an optimal design. Note that the USBR guidelines recommend a slope of 2:1 for chutes [12] . Figure 1 displays the details of a chute structure with baffle blocks. [13] studied the effect of inlet channel angle of stepped spillways relative to the horizon on erosion downstream of spillways and found an optimal angle of 30 . [5] examined the effect of cylindrical blocks installed on the ramp downstream of spillway on the dimensions of scour hole downstream of the blocks. The effect of cylindrical block size and arrangement was explored at different discharges to obtain the optimal geometry and arrangement of cylinders. [7] investigated the effect of stepped, wedge, T-shaped, and trapezoidal blocks at different chute bed slopes from 1:4.24 to 1:0.73 on energy dissipation of the flow passing over this structure. According to their results, T-shaped blocks outperformed other geometries in terms of enhanced energy dissipation and oxygen level.
Due to spatial limitations in some circumstances, the structure is constructed divergent with a variable width. Further, efforts for enhancing efficiency of such structures have led to the use of blocks of various geometries. According to the literature, there is no study on the performance and scour downstream of divergent chutes with baffle blocks as along with the blocks proposed in the present study. This study aims at investigating the effect of divergence of chutes with semicircular and trihedral blocks and trapezoidal piers (USBR) on the scour rate and dimensions of scour hole. For this purpose, fixed and divergent laboratory models with different bed blocks and divergence ratios were tested at seven discharge rates after which the results were evaluated by dimensional analysis.
Materials and Methods

Dimensional analysis
The tested parameters are presented in Eq. (1):
Where, ds represents the mean and maximum scour depth, H shows head upstream of spillway in the reservoir, Ls denotes scour hole length, Vs is scour hole volume, (yc) refers to critical depth of flow over the spillway, (Fr0) is Froude number of the flow upstream of the spillway, (hb) represents block height approximately equal to 0.8 (yc), b2 is spillway width downstream of the chute, and b1 denotes spillway width upstream of the inlet. According to dimensional analysis by -Buckingham theorem, Eq. (2) shows the relationship between the scour hole parameters downstream of the chute and baffle blocks:
Apparatus and Methods
Experiments were conducted in a laboratory channel equipped with a water circulation system Figure 2 with a width of 1 m, length of 6 m, and height of 1.2 m. Water was injected into the system by a 5" centrifugal pump. A honeycomb baffle was installed at channel inlet for flow laminarization. After passing over the chute model, the flow was transferred to an underground tank to be recirculated by the centrifugal pump. The discharge rate was measured by an electromagnetic flowmeter with an accuracy of 0.01 L/s. To examine scour of sediments downstream of the chute, sand sediments with an average diameter (d50) of 1.2 mm and a height of 0.15 m, length of 2 m, and width of 0.975 m were placed in this section. The wooden baffle piers were constructed and placed on the model according to the dimensions specified in USBR guidelines as presented in Figure 3 . Ten labyrinth block rows were considered on the chutes. The approaching velocity over the chute should be sufficiently lower than the critical velocity. A short stilling basin with an end step of height 5 cm was considered to establish a laminar flow at chute model inlet. The head at upstream along and downstream of the divergent chute was measured by a point level gage with an accuracy of 0.1 mm. A block height of 4.3875 cm was considered in all models. Three divergence ratios of 1.45, 1.75, and 2.45 and 1 (a fixed chute without divergence) were designed and tested according to Table 1 and Figure 4 . A constant chute bed slope of 2:1 was used in all experiments. The number of blocks on the divergent models differed given their different surface areas. The detailed characteristics of the models are presented in Table 1 . To determine the optimal duration of experiments, a control experiment was first performed for 4 hr where the scour depth was recorded over time. Figure 6 shows the changes in the maximum scour depth with respect to time. As clearly seen, the changes disappear after 120 min, thus, all experiments were carried out within 120 min. After each experiment, a vehicle (chariot) moving along x and y axes with a laser meter was used to record the scour hole and point bar topographies, after which the collected data were analyzed. To ensure the accuracy of data obtained from the laboratory model, the results obtained from the chute model without blocks were compared with those obtained from the relations in Table 2 presented by other studies with their data indicated in Figure 7 . According to the results, (dSmax/H) rises with increasing (yc/H), suggesting that the maximum scour depth downstream of the chute grows with increasing the discharge rate. The results of this study are consistent especially with those obtained by [8] . Figure 7 . The relationship between dimensionless critical depth and maximum scour depth obtained in this study and from relations in the literature.
Experiments were conducted at seven discharge rates from 3 to 25 L/s on 9 different models with rigid blocks of different geometries with and without divergence. The results were presented as dimensionless figures. The scour hole depth and length as well as energy dissipation were also compared and discussed.
Results and Discussion
Bed topography
Using data on scour and sedimentation downstream of the laboratory models, the longitudinal profiles of bed scour were plotted at different discharges and divergence ratios, as shown in Figures 8 and 9 . Figure 8 displays the longitudinal scour profiles at 6.5, 9.5, and 15.5 L/s for three types of blocks without divergence. In all cases, the standard blocks indicate the maximum scour depth along the flume centerline. Accordingly, one can conclude that the use of proposed blocks significantly decreases the maximum scour depth. Figure 9 reveals the longitudinal scour profiles for semicircular blocks at different divergence ratios at 6.5, 9.5, and 15.5 L/s. As can be seen, the divergence causes an increase in the scour depth in the middle of channel as compared with the non-divergent model. However, the maximum scour depth was observed for DW1 divergence, where the scour rate decreased with elevation of the divergence ratio. Further, an ordered scour hole is formed with raising the divergence ratio. Despite formation of a set of holes in the non-divergent model, a single hole is formed as the divergence ratio grows. With elevation of the divergence ratio (b2/b1) up to 2.45, a deeper scour hole is formed at 6.5 L/s compared to 9.5 L/s. Figures 10 and 11 reveal the topography of the scour hole downstream of the chute at a discharge rate of 15 L/s. According to the results on the bed topography, an asymmetric scour hole has been formed along the channel width with a maximum depth on both sides of the channel centerline. The topography of the scour hole for the chute with semicircular blocks at different divergence ratios suggests that unlike the non-divergent model, the maximum scour hole occurs in the vicinity of the walls as the divergence ratio grows. Further, with an increase in the divergence ratio, the point bars begin to approach the walls presumably due to the formation of secondary flows colliding with the walls, causing scour, and transporting scour-induced sediments downstream of the side walls. Figure 11 shows the topography of the eroded beds for the non-divergent chutes with various block geometries. As can be seen, in the case where a standard block is used, the maximum scour hole length occurs in the middle of the channel and a large point bar is formed downstream of the scour hole in the middle of the channel. However, when semicircular and trihedral blocks are employed rather than the USBR standard block, the scour hole extends on both sides tangential to the side walls. The scour hole is further extended downstream of the chute towards the channel centerline. Despite a decrease in the depth and length of the scour hole at its center using the proposed blocks, the scour rate significantly increases at wall sides, causing heightened hole length. It is clear that the divergence ratio of the chute affects the rate and distribution of scour downstream of this structure. An asymmetric bed topography is observed due to transverse fluctuations of the flow in the constant-width chute. However, a relatively symmetric scour pattern is seen for the models with a divergence ratio of larger than 1. With elevation of the divergence ratio, the maximum scour hole is approached from the middle of the channel towards the side walls. Further, sedimentation pattern downstream of the scour hole is influenced by the chute divergence ratio and the Froude number upstream of the flow, were the most uniform scour and sedimentation pattern with the minimum depth of the scour hole is observed for DW2. Hence, one can conclude that with increasing the divergence ratio from 1 to 1.75 at a constant discharge rate of 9.5 L/s, the uniformity of the scour distribution and sedimentation downstream of the structure grows to a large extent. However, with further increase of the divergence ratio to 2.45, as the Froude number and consequently the surface flow velocity increases and causes overturbulence, a non-uniform scour pattern is again formed, leading to an increase in the maximum scour hole and point bar height. The effect of various parameters affecting the scour hole is discussed in the following sections. Figure 12 reveals the changes in the mean and maximum depth of the scour hole at different divergence ratios for different block geometries at different Froude numbers upstream of the chute under various conditions. Figure 12(a) indicates the relationship between the changes in the dimensionless mean depth of the scour hole at different Froude numbers for the flow over the chute. Clearly, the maximum mean depth of the scour hole is observed for the standard blocks without inlet divergence. With elevation of (b2/b1) from 1 to 2.45 and changing the block geometry from standard to semicircular and trihedral blocks, the mean and maximum depths of the scour hole significantly diminished by up to 50 and 40%, respectively, as a result of the increased Froude number.
The mean and maximum depth of the scour hole
At a constant Froude number upstream of the chute, the maximum and minimum mean scour depths were observed for the model without divergence and with standard blocks respectively and that with a divergence ratio of 2.45 with semicircular blocks. The effect of block geometry on the structure performance was also investigated. According to the results, at all divergence ratios and the cases with no divergence, except for (b2/b1=1.75), the semicircular block outperformed other geometries in terms of reducing the mean depth of the scour hole depth, in particular at Froude numbers less than 0.25. Figure 12 (b) indicates the maximum depth of the scour hole for various models at different upstream Froude numbers. In general, with increase in the Froude number, the maximum depth of the scour hole for all blocks grows at all divergence ratios, but at different rates for different models. At a constant Froude number, the maximum scour hole depth was observed for the nondivergent model (b2/b1=1) with standard blocks, while the minimum scour depth was found for the model with a divergence ratio (b2/b1) of 2.45 with semicircular blocks. It can be concluded that despite the divergence at chute inlet, semicircular blocks may cause a significant reduction in the maximum and mean depths of the scour hole in comparison with trihedral and standard USBR blocks. This can be related to the semicircular geometry of the blocks reducing the dimensions of the scour hole through extreme turbulence and increased energy dissipation. 
The mean and maximum length of the scour hole
Figures 13(a) and 13(b) represent the changes in the maximum and mean lengths of the scour hole respectively at various divergence ratios for different block types at different Froude numbers upstream of the chute under different conditions. As clearly seen, with elevation of the Froude number upstream of the chute, the maximum and mean lengths of the scour hole rose in all models. According to Figure 13(a) , the mean length of the scour hole increases in all models except for the one with standard USBR blocks as the Froude number upstream of the chute grows. Given that the maximum scour hole length occurred in the CW-USB model, the reduction of the mean length of the scour hole can be attributed to the more significant reduction of the length of the scour hole than its length, causing a reduction in the mean length of the scour hole as the Froude number increased upstream of the chute. Figure 13 (b) compares the maximum length of scour holes formed by different block geometries. As can be seen, at each Froude number, the maximum length of the scour for standard blocks has been higher than that for semicircular and trihedral blocks. The difference in the maximum length of the scour hole grows with elevation of the Froude number upstream of the chute.
Further, with increase in the opening ratio (b2/b1) from 1 to 2.45, the maximum and mean lengths of the scour hole decreased from 45% to 60% and from 30 to 70% at Froude numbers of 0.1 and 0.3 respectively. Comparison of the performance of semicircular and trihedral blocks suggests that at each divergence ratio, the trihedral blocks have reduced the scour hole length by 40% more than the semicircular blocks did.
In general, one can conclude that semicircular blocks outperform standard and trihedral blocks in terms of reducing the maximum and mean depths of the scour hole. However, trihedral blocks outperformed other block geometries concerning reduction of the length of the scour hole.
Energy dissipation
Relative energy dissipation of the flow passing over the chute is shown in Figure 14 at different Froude numbers upstream of the chute. As seen, the relative energy dissipation falls with elevation of the Froude number, but with different downtrends in different models. Generally speaking, the models with semicircular blocks show a higher relative energy dissipation at an identical opening ratio. The maximum energy dissipation was observed for the model with a semicircular block with a divergence ratio (b2/b1) of 2.45 (DW3-SCb). On the other hand, the model with standard blocks without divergence (CW-USB) showed the minimum energy dissipation. Thus, it can be concluded that with changing the block geometries from standard to semicircular blocks and the subsequent increase in the turbulence and energy dissipation, flow energy drops downstream of the chute, leading to a decrease in the dimensions of the scour hole. The models DW3-SCB and DW3-TRB show the maximum energy dissipation with the minimum length and depth of the scour hole. According to the results concerning the effect of divergence ratio on the relative energy dissipation, with increase in the divergence ratio from 1 to 2.45, the relative energy dissipation by the flow over the chute has grown by 4% to 8%, presumably due to flow acceleration upstream of the chute in response to inlet divergence and the subsequent increase in turbulence from collision of the flow with the middle blocks. This can ultimately lead to increased energy dissipation thereby forming smaller scour holes.
Conclusion
The effects of divergence ratio of a baffled chute and the geometry of blocks installed on the chute were investigated on the scour hole pattern and dimensions downstream of the chute. For this purpose, semicircular and trihedral blocks were proposed as alternatives to standard USBR blocks and the effect of blocks of different geometries on scour downstream of the chute was then investigated. The effect of three divergence ratios (b2/b1) of 1, 1.45, and 2.45 at chute inlet was also examined. According to the results, with increase in the inlet divergence ratio for all block geometries, the scour hole and point bars showed a greater asymmetry and more uniform topography relative to the flume centerline. Elevation of the divergence ratio from 1 to 2.45 caused a significant reduction in the mean and maximum depth of the scour hole. The use of standard USBR blocks at a constant chute width caused the maximum depth of the scour hole to occur in the middle of the channel. However, the proposed semicircular and trihedral blocks shifted the maximum scour depth towards the side walls. This can be related the geometry of blocks forming secondary eddy currents due to the wall curvature. Collision of eddy currents with the side walls and the subsequent formation of horseshoe-shaped vortices result in scouring of the side walls in addition to extending the hole on both sides of the channel in the vicinity of the side walls. This may endanger wall stability and should be further studied. Comparison of the results indicated that as the geometry changed from standard USBR to semicircular blocks, the mean depth of the scour hole decreased by 50%. According to the results on the effect of inlet divergence ratio, the divergence caused formation of more asymmetric scour holes with a lower length and depth. Finally, as the divergence ratio rose from 1 to 2.45, energy dissipation grew by 8% due to a reduction in the scour hole dimensions.
